Some of the characteristic features of large-scale disturbances over the greater WMONEX region were investigated by using 12-30 days filtered wind, vorticity and divergence data at 850 and 200mb for the 1978-79 winter (1 December 1978 to 28 February 1979. Composites of these meteorological variables at each grid point and level were made with respect to changes in the first eigenvector (empirical orthogonal function) coefficients for 12-30 days filtered vorticity data at 200mb.
Introduction
One of the major scientific objectives of the Winter Monsoon Experiment (WMONEX) is the investigation of the structure of eastward propa-gating upper-tropospheric troughs (ridges) and their relation to low-level monsoonal surges. Over South and Southeast Asia, weather and circulation systems undergo massive changes in association with the development and eastward passage of these upper-tropospheric disturbances. This is illustrated in Fig. 1 (left) , which depicts changes in * (u) at 200mb over northwestern India (southeastern Tibetan Plateau) during the T. Murakami and A. Sumi 647 1978-79 winter. Here, a major portion of these 200mb * (u) changes (anomaly) appears to be related to long-period fluctuations of about 20 days. Figure 1 (left) also reveals an approximately in-phase relationship between changes in 200mb * at (25*N, 75*E) and 200mb u at (30*N, 95*E), which is due to the eastward passage of upperlevel troughs and ridges through this area.
Generally, eastward propagating upper-level troughs (ridges) intensify when approaching the western end of the Tibetan Plateau, and reach their maximum intensity near the northern Bay of Bengal before dissipating over the South China Sea-Philippines region (Ramage, 1955) . Over South and Southeast Asia, these upper-level troughs (ridges) are associated with phase changes between "wet" and "dry" spells, which are somewhat similar to the "active" and "break" conditions, respectively, of the summer monsoon. During "dry" spells, the upper-level subtropical ridge system is poorly defined and displaced southward from its normal position near the Philippines.
In fact, this system occasionally disappears from the South China Sea region when eastward propagating, upper-level troughs penetrate southward into the equatorial latitudes (Liang, 1974) . Thus, it appears that long-period (*20 days) monsoonal fluctuations associated with these eastward moving, upper-level troughs and ridges are an important integral part of the winter monsoon circulation regime.
In this regard, Murakami (1979) showed that upper-tropospheric temperatures become warmer (colder) than usual, with above (below) normal ascending motions over the South China Sea, during "wet" ("dry") spells. Murakami (1981c) further investigated the orographic influence of the Tibetan Plateau on the development, eastward phase propagation (*4ms-1 westerly) and dissipation of upper-level troughs and ridges using upper-air data for the FGGE/ WMONEX winter of 1978-79. In addition, the relationships between upper-level trough (ridge) activity, associated low-level monsoonal surges, and changes in the intensity of the local Hadley circulation over Southeast Asia and the South China Sea were also examined.
Figure 1 (right) indicates that an approximately inverse relationship exists between long-period fluctuations in 850mb * at 20*N, 140*E (south of Japan) and u at 0*, 170*E (equatorial central Pacific). Here, anomalous northerlies (*<0) to the south of Japan at 850mb correspond to stronger than normal northerly surges, which generally penetrate as far south as the equatorial South China Sea-Borneo-New Guinea region. In conjunction with these northerlies (anomaly) near Japan, westerly anomalies (u>0) occur over the equatorial central Pacific and may be an indication of changes in the equatorial east-west vertical overturnings. Thus, low-level monsoonal surges are probably related in some way to these Fig. 1 Twice-daily wind components (departure from the season mean) at selected grid points for the period of 00 GMT, 1 December 1978 (n=1) to 12 GMT, 28 February 1979 (n=180) . meridional winds at 25*N, 75*E. Top-right: 850mb meridional winds at 20*N, 140*E. zonal winds at 30*N, 95*E. Bottom-right: 850mb zonal winds at 0*, 170*E, equatorial east-west vertical circulations.
In short, it is quite conceivable that eastward propagating upper-level troughs (ridges) and their associated circulation fluctuations over Southern Asia (Fig. 1, left) represent only a part of some much larger-scale circulation changes occurring over the entire greater WMONEX region (including the Pacific). This possibility is examined in this study. In addition, investigations are also made to determine the mechanisms that are responsible for (1) the predominance of low-level northerly surges over the Afghanistan, Philippines and central North Pacific regions, and (2) the changes in the low-level, equatorial zonal winds over the central Pacific.
Data
The data used here is identical to that for Part I (Sumi and Murakami, 1981) , i.e., 2.5* latitudelongitude resolution u and * data at 200 and 850mb for the 1978-79 winter, obtained from an objective analysis scheme developed by Sumi et al. (1979) . This model is designed to make optimum use of the unprecedented volume of raw data collected during the FGGE/WMONEX winter of 1978-79. Refer to Part I of this study for a more detailed description of the data and the objective analysis scheme.
During the 1978-79 winter, convective activity, low-level monsoonal surges, and the associated disturbances over the South China Sea (regional WMONEX domain) were weaker than normal. However, satellite-measured outgoing longwave radiation fields indicated that pronounced convective activity occurred over the central North and South Pacific, and the equatorial Indian Ocean. Figure 1 also suggests that long-period (*20 days), monsoon-related fluctuations exist over this large area. After careful consideration of these observed features, the area of investigation in this study was defined as extending from 40*E to 100*W and from 45*N to 30*S.
12-30 day fluctuations
As previously mentioned, fluctuations in the u and * data of Fig. 1 exhibit periods of approximately 20 days. However, examinations of u and * time-series data at other grid points reveal that this periodicity can vary slightly for different locations within our region of study. Therefore, in order to identify the most dominant oscillation period which is characteristic of the entire region, empirical orthogonal function (EOF) analyses were performed on the twice-daily u, *, * and D data at 200 and 850mb.
This EOF analysis technique was previously outlined by Murakami (1981b) and is briefly restated here to facilitate the present discussion. Let *n, be an M-component vector representing the n-th observation of M (grid point)-variables.
Then, *n may be expressed as:
( 1) where ei denotes an eigenvector associated with the i-th eigenvalue, and cin is the coefficient of the i-th eigenvector for the n-th observation. (For brevity, the ei mode will hereafter be referred to as Ei for i=1 to M.) Here, the total number of observations, N, is equal to 180 (twice-daily).
In Part I of this study, the mid-winter circulation showed significant differences from the early and late winter conditions. These intraseasonal variations are generally associated with linear and quadrature trends, which should be removed prior to the EOF analysis. Therefore, the root-mean-square linear and quadrature trends in time were deleted from the original data at each grid point.
As shown in eq. (1), the time-dependent amplitude function cin, (n=1 to N) is common to all M-variables.
Thus, an attempt was made to investigate the power spectral density for cin amplitude. Figure 2 depicts the computed c1n spectra associated with the first eigenmode (E1) for * (top) and * (bottom) anomalies at 200mb. Here, the c1n, spectrum of 200mb * exhibits large values (*4 units) in the period range of 12-20 days, with much weaker secondary peaks (*1 Fig. 2 Murakami and A. Sumi 649 unit) at about 3.5-5.0 days. In Fig. 2 (bottom) , the spectrum for c1n of 200mb * reveals a pronounced peak (>6 units) within the 15-30 day period range, and a minor secondary maximum (*3 units) at around 3.5 days. Interestingly, the c1n spectra for 200mb u and D (not shown) also exhibit dominant spectral peaks in these longperiod (>12 days) ranges. Therefore, this study utilizes the very broad period range of 12-30 days to represent long-period fluctuations over the entire region.
To facilitate this study, the prefiltering process described by eq. (6) of Murakami (1981b) was applied to the original, twice daily, 2.5* latitudelongitude resolution *n data for the 1978-79 winter. Thus, by assigning *0=2*/20 days and *1 =2*/30 days , respectively, 12-30 day oscillations now make the largest contribution to these filtered time-series data. Standard deviations of these 12-30 day filtered data were then computed at each level. The standard deviation patterns of 12-30 day filtered a-fluctuations at 200 and 850mb are shown in Fig. 3 (top and bottom, respectively). At 200mb, a band of maximum standard deviations (>20 units) lies over northern Indochina. These large values reflect the intensification of upper-level troughs (ridges) as they propagate eastward along the southern periphery of the Tibetan Plateau. Interestingly, the corresponding 850mb *(*) values are fairly small, (*2 units). Therefore, eastward propagating modes in this region appear to be predominant only in the upper troposphere at around 200mb (refer to Murakami, 1981c) . In comparison, standard deviations near the Pakistan coast (about 25*N, 60*E) are pronounced at both 200 and 850mb, as a 200mb anticyclonic (cyclonic) cell is generally associated with strong, anomalous southerlies (northerlies) at 850mb. This point will be elaborated on in Section 5.
In Fig. 3 (top), standard deviations are also large over the central North Pacific at around 30*N and the dateline. East of the dateline over the equatorial Pacific, where winter mean u is westerly (Fig. 3 of Sumi and Murakami, 1981) , 200mb vorticity standard deviations are substantial and exceed 5 units. This suggests that the central Pacific east of the dateline is an area of upper-tropospheric, north-south interactions. Conversely, the equatorial region between 60*E and the dateline is characterized by 200mb, winter mean u easterlies and small (<5 units) standard deviations of 200mb vorticity.
In particular, At 850mb, note that standard deviations around the equator are large over the central Pacific near the dateline, the Borneo-Indonesia region, and the Indian Ocean. This indicates that, although winter mean u at 850mb is generally easterly between 20*N and the equator, northsouth interactions can occur in these equatorial regions via northerly surges from the Northern Hemisphere extra-tropics.
A further discussion of these phenomena will be presented in a later section.
The standard deviation patterns of 12-30 day filtered divergence at 200 and 850mb, and satellite-measured outgoing longwave radiation (OLR) are presented in Fig. 4 (top, middle, and bottom, respectively). At 200mb, note that relatively small divergence standard deviations (*2.5 units) over Northern Indochina are contrasted with extremely large 200mb *(*) in Fig. 3 (top) . Conversely, pronounced *(D) values (>4 units) near 20*N, 70*E and 30*N, 40*E correspond to areas of minimum *(*).
Between these two areas, the relatively small divergence standard deviations are associated with a region of large * (*) near the southern coast of Iran. Similar Over the equatorial South Pacific in the vicinity of 10*S and 170*E, an area of maximum (>3 units) * (D) at 200mb corresponds to a region of pronounced (>3 units) OLR standard deviations. These large values of *(OLR) suggest that substantial changes in 12-30 day period convective activity occur over the area. Interestingly, this *(OLR) maximum is embedded within a northeast-southwest oriented band of pronounced * (OLR). This band extends southwestward from about 20*N and 140*W, across the equator at the dateline, and into the Southern Hemisphere to around 30*S and 140*E. Here, it should be noted that the 200 and 850mb *(D) patterns also exhibit similar northeast-southwest oriented zones of large values.
The ratios of zonally averaged <*(D)> and <*(*)> at 200 and 850mb are also shown in Fig. 4 (top and middle, respectively). In general, these ratios exceed 0.3 at both levels, with maximum values of 0.38 at 5*N for 200mb and 0.43 at 20*N for 850mb. This may be an indication of the relative importance of divergence changes to vorticity variations in 12-30 day perturbations.
As previously stated, 12-30 day perturbations appear to be coherent over a large region. To determine the extent of this coherence, correlation coefficients were computed for the 12-30 day filtered u, *, * and D data. For example, Fig. 5 reveals the distribution of correlation coefficients for 12-30 day filtered vorticity at 200 (top) and 850 (bottom) mb. Here, the 200mb reference point (25*N, 100*E) was selected to show the relationship between eastward propagating, upperlevel trough (ridge) activity over northern Indochina and vorticity fluctuations in other regions, while the reference point at 850mb corresponds to an area of large *(*) in Fig. 3 (bottom) .
At 200mb, positive correlation coefficients are large (>0.6) in the vicinity of Saudi Arabia (30*N, 45*E), the western North Pacific (35*N, 165*E), the eastern North Pacific (45*N, 150*W), the Indian Ocean (10*S, 50*E), and the western South Pacific (15*S, 160*E). This suggests that positive (negative) vorticity cells tend to occur over these regions when an eastward propagating, upper-level trough (ridge) reaches the northern Interestingly, the corresponding E1 pattern for divergence exhibits marked zones of positive (negative) anomalies to the east (west) of these positive vorticity departures over northern Indochina. A similar divergence distribution can also be found in the vicinity of another positive vorticity cell near 30*N and 50*E, i.e. positive (negative) divergence anomalies to the east (west). Thus, the immediate effect of this relationship between the divergence and vorticity fields is to reduce the eastward phase propagation speed (*4m s-1) of 12-30 day vorticity perturbations with respect to the strong eastward advection effect of the prevailing 200mb westerlies (>40ms-1) in the area. Of particular interest is the close correspondence of the 200mb vorticity E1 and correlation (Fig. 5, top) patterns. This reconfirms that eastward moving, upper-level trough and ridge activity over Southeast Asia is somehow related to changes (12-30 day period range) in vorticity over other regions (e.g., Saudi Arabia, the western and eastern North Pacific, the Indian Ocean, and western South Pacific). (twice-daily), 12-30 day filtered u, *, * and D data. Thus, a compositing technique was applied to these twice-daily data, with reference to changes in the first eigenvector coefficients (c1n) of 12-30 day filtered *-fluctuations at 200mb. The time-series of 200mb c1n coefficients obtained from the 12-30 day filtered *-data is shown in Fig. 8 (top). Note that c1n for 200mb * is a minimum (*-4 units) at n=12 (12 GMT, 6 December), followed by a maximum (*7 units) at n=28 (12 GMT, 14 December), and reaches another minimum (*-5 units) at n=50 (12 GMT, 25 December). Therefore, the period from n=12 to 50 constitutes one cycle of 200mb * c1n fluctuations, with similar cycles occurring throughout the 1978-79 winter. As shown in Fig.  8 (top), a total of 4 cycles, with an average period of about 20 days, were selected from these 200mb c1n time-series data.
The compositing technique used in this study 170*E.] These north-south bands of *-anomalies probably correspond to regions of low-level, northerly surge activity during winter. In contrast to the pronounced positive udepartures found over the equatorial Pacific, 850mb u-anomalies are negative across the equatorial Indian Ocean, with large *-departures west of the Tibetan Plateau from Saudi Arabia to the southern Soviet Union. Thus, the E1 patterns of 850mb u and * over southern Asia are characterized by anomalous southerlies (northerlies) in the vicinity of the southern Soviet Union and Saudi Arabia, equatorial easterlies (westerlies) along the Arabian Sea-Bay of BengalSouth China Sea region, and northerlies (southerlies) from Japan to the equatorial Pacific east of the Philippines and Borneo.
As mentioned previously, the first eigenvector of each of these quantities represents approximately 20 percent of the total variance in u, *, * or D variations at 200 or 850mb. For example, the E1 representation of u, *, * and D at 850mb is 23, 21, 19 and 22 percent, respectively. Therefore, although this discussion of the E1 modes is interesting and informative, these results should be tested and confirmed by utilizing the original consists of assigning an appropriate category (numbered 1 to 9) to . each of the twice-daily, 12-30 day filtered u, *, * and D data corresponding to a cycle of 200mb * c1n coefpicients.3 Specifically, category 1 (9) data correspond to the time of minimum 200 mb c1n amplitude at the beginning (end) of each cycle, while category 5 data occur at the time of maximum c1n. The remaining categories, 2-4 and 6-8, are assigned to the data which correspond to the respective intermediate phases of the 200mb c1n cycles.
Category means were then computed for each 2.5* latitude-longitude grid point at 200 and 850mb by averaging these 12-30 day filtered data. For example, at each grid point, the mean value of u for category 1 is computed from the 4 individual category 1 u-data that correspond to the 4 c1n cycles. However, due to the extremely small number of cycles used for this compositing, the statistical significance of the resulting composite charts is questionable. This point is discussed in Appendix II.
Composite charts for 200mb wind fields
Composite charts for categories 1 to 4 of 12-30 day filtered winds at 200mb are shown in Fig. 9 . Here, only the first 4 categories are presented, as categories 5 to 8 are nearly identical to categories 1 to 4, respectively, except for a change of sign. Note that the u and * patterns of category 1 are similar to the E1 distributions of 200mb u (with opposite signs) and * in Fig. 6 . This is due to our definition of a cycle in 200mb * c1n coefficients as being from one minimum, to a maximum, and ending at the next minimum.
In category 5 (opposite of the category 1 pattern), a cyclonic cell is located over southern Iran at around 33*N, 52*E after entering our region from the west. As this cyclonic cell moves eastward, its intensity increases from 10 to 22 units between categories 5 and 7, then decreases to a minimum (7 units) near the west coast of India at category 1, and reintensifies to a maximum (26 units) over Indochina in category 4. After category 4, the cyclonic cell weakens sharply as it moves across southern China and dissipates in the region south of Japan. Similarly, an anticyclonic cell near southern Iran 3 It should be noted that the resulting composites are made from the twice-daily, 2.5* latitudelongitude resolution, 12-30 days filtered data. Consequently, the EOF analyses described earlier were only utilized to determine the c1 coefficient reference.
in category 1 exhibits the same pattern of movement and intensity changes as the cyclonic cell described above. The trajectory and corresponding intensities of this cyclonic cell are plotted on the category 4 pattern (Fig. 9, bottom) . Here, the average phase speed of vorticity cells that propagate from southern Iran to the region south of Japan (1.5 cycles or about 30 days) is approximately 4m s-1 (westerly). Note that this is much slower than the eastward advection effect of the strong, winter mean, 200mb jet stream (40 to 50m s-1) over South and Southeast Asia.
Interestingly, when the cyclonic cell described above is most intense over northern Indochina at category 4, a prominent area of 200mb divergence (anomaly) is centered over northeastern Indochina (see Fig. 10 , bottom). Outflow from this divergent center is directed north and southward, with the divergent northerlies crossing over the equator and converging into an eastwest oriented zone of upper-level inflow along about 10*S. Thus, the local Hadley circulation over this area appears to be weaker than normal, with anomalous upper-level divergence (convergence) probably reflecting above (below) normal rainfall over eastern Indochina and the northern Malaysian Peninsula (the Indonesian Seas and eastern Indian Ocean). In short, the normal, thermally direct, north-south oriented, vertical Hadley overturning seems to be poorly defined, and may even become thermally indirect with updrafts (downdrafts) over the eastern Indochina-northern Malaysian Peninsula (Indonesian Seas-eastern Indian Ocean) region, when a pronounced 200mb cyclonic cell moves over northern Indochina at category 4. Conversely, at category 8, this region is characterized by a pronounced anticyclonic cell over northern Indochina at 200mb, and a well-organized (above normal), north-south oriented, vertical overturning circulation.
Consequently, massive weather changes occur in association with the eastward phase propagation of upper-level troughs and ridges over South and Southeast Asia. A study by Murakami (1981c) described similar features in this region, and also investigated the mechanisms that are responsible for the development, slow eastward propagation, and dissipation of these upper-level disturbances. Therefore, to avoid duplication, the reader is directed to that paper for further information pertaining to these phenomena. The remainder of this section will be devoted to descriptions of 200mb disturbances that occur over other areas of our region.
Another feature of interest in Fig. 9 is a cyclonic cell just east of Japan at around 40*N, Also shown are the corresponding zonal averages for the meridional components of the divergent winds (ms-1) at 5* intervals.
this location, the cyclonic cell moves southsoutheastward very slowly, as it reaches its maximum intensity (21 units) near 20*N, 165*W at category 1 and gradually weakens to 13 units by category 3 (14*N, 161*W). The cyclonic cell then propagates southeastward until it crosses the equator at about 137*W in category 6, and dissipates after category 7. Here, the most important aspect of this cyclonic cell is that its trajectory can be traced from Japan, across the central North Pacific, to the equatorial eastern Pacific (>1.5 cycles or more than 30 days).
[Refer to Fig. 3 (top) for substantial standard deviations of 12-30 day filtered vorticity over the eastern equatorial Pacific.] Thus, a form of atmospheric teleconnection between the middle and tropical latitudes is indicated over the central and eastern Pacific. Figure 9 (top) also reveals the existence of a dominant negative (cyclonic) cell off the east coast of Australia in the vicinity of 17*S, 162*E. This cyclonic cell is most intense (-13 units) in categories 1 and 2, with maximum 200mb convergence ( Fig. 10 ) and large positive OLR (Fig. 11 ) values over the area (15*-20*S, 160*-170*E). Thus, categories 1 and 2 may correspond to periods of weak (anomaly) convective activity in this region. Conversely, this area is characterized by an anticyclonic (positive) cell in categories 5 and 6. Here, pronounced 200mb divergence and large negative OLR values probably reflect strong convective activity.
In the equatorial latitudes (approximately 15*N to 15*S), regions of 200mb divergence (convergence) generally coincide with negative (positive) OLR values. For example, in category 1, divergence ("plus") centers over the Indonesian Seas and the equatorial South Pacific are located in areas of large negative OLR. Conversely, 200mb convergent ("minus") centers near 95*E, 125*E and 175*W along about 12*S in category 4 are found over distinct areas of positive OLR values.
In Fig. 10 (bottom) , also note the occurrence of prominent, cross-equatorial, northerly divergent winds at nearly every longitude. Furthermore, zonally averaged <**> along the equator at category 4 is -0.9m s-1 (anomaly). Conversely, the corresponding value of <**> is + 0.9m s-1 at category 8. Thus, these zonally averaged, 200mb, divergent meridional winds change significantly (*0.9m s-1) in association with 12-30 day perturbations.
[This is to be compared with the winter mean, 200mb, divergent meridional winds of +1.5m s-1 (southerly) shown in Fig. 5 of Sumi and Murakami (1981) ]. In addition, zonally averaged <OLR> is -2.6 (5.1) units at the equator (10*S) in category 4. Therefore, these features indicate the importance of long-period (12-30 day) perturbations in changing the overall (zonal mean) rainfall (OLR) over equatorial regions.
As indicated in Fig. 9 , pronounced disturbance activity occurs over the central North and western South Pacific. To further investigate the nature of 200mb, long-period disturbances over these two regions, the vorticity equation at category i [refer to eq. (1) of Murakami, 1981c] can be expressed as:
(2) Fig. 11 Composite charts for categories 1 to 4 of 12-30 day filtered outgoing longwave radiation. Intervals are 10Wm-2, with hatching denoting areas of negative OLR anomalies. Also shown are the corresponding zonal averages (Wm-2 unit) at 5* intervals. T. Murakami and A. Sumi Since VC, VA 1 and VA2 are linearly related to the composite quantities, these terms can be evaluated by utilizing the category mean ui, *i and *i values. However, the VI-term, which is nonlinear with respect to transient quantities, requires time filtering of the twice-daily *'*' and * '*' data , and compositing with reference to c1 changes for 200mb *.
The resulting VI-term is the rate of vorticity transfer to 12-30 day perturbations at category i via nonlinear coupling between transient disturbances of all period ranges. Similarly, the VD1 and VD2 divergence terms are linearly related to *i or Di, while VD3 represents the nonlinear divergence effects due to transient eddies. Finally, the VF-term was evaluated as a residual of eq. (2). Thus, caution must be exercised when interpreting this last quantity. Table 1 summarizes the computed results of the terms in eq. (2) made with respect to selected trajectory grid points (see Fig. 9 , bottom) over the central North Pacific (top) and western South Pacific (bottom) regions at 200mb.
Here, the vorticity value at each grid point is an average of the vorticity values over a region that extends 5* to the north and south, and 15* to the east and west of the positive (cyclonic in the Northern Hemisphere and anticyclonic in the Southern Hemisphere) vorticity center. The terms in eq. (2) were averaged over the western half of the region described above, i.e., extending *5* of latitude and 15* of longitude to the west from the reference point. These values are compared to the corresponding results for the eastern half of the region, which are shown in parentheses.
Over the central North Pacific region, vorticity is maximum (1.11 units) at 20*N, 165*W. Since this vorticity cell propagates eastward (see trajectory in Fig. 9, bottom) , the VC-term of eq. (2) is negative (positive) to the west (east) of the vorticity center. However, note that VC is much smaller than the corresponding VAl-term, which represents the horizontal advection of *i vorticity due to winter mean flows. Thus, the difference between these two terms should be compensated for by the other effects in eq. (2). This (VC-VAI) difference is partially offset by a large VA2-effect, which is inversely correlated with VA1. Here, the * i(*+**/*y)-term is the main contributor to the VA2-effect, as the winter mean, 200mb, absolute vorticity field associated with the midoceanic, upper-level trough over the central North Pacific has a large positive meridional gradient. In addition to the VA2-term, the VD1 divergence effect is also large (7.7 units) and makes a significant contribution to the reduction of the VA1-effect.
Interestingly, the corresponding VI nonlinear coupling effect at 20*N, 165*W is fairly substantial (although much smaller than VA2 and VD1) and negatively (positively) correlated with the VA1-value to the west (east) of the vorticity center. Conversely, the VD2 and VD3 divergence effects do not appear to be very important to * i propagation in this area. Therefore, the large VA2 and VD1-effects are the major factors in reducing the eastward advection effect (VA1) of the strong, winter mean westerlies at 200mb. Table 1 also shows that cyclonic vorticity decreases sharply as this vorticity cell propagates southeastward, with a value of 0.46 units at 10*N, 155*W. In contrast to the region around 20*N, 165*W described previously, the VD2 and VD3 divergence effects in this area are the same order of magnitude as the VA1, VA2, VI and VD1-effects. Thus, the corresponding small VC tendency terms reflects the net effect of all of the terms on the right . hand side of eq. (2). Equatorward of 10*N, the VD1 divergence effect becomes less important than the other terms, in eq. (2). For example, VD1 in the vicinity of 2.5*N, 137.5*W is only -0.3 and 0.0 units, respectively, due to the small Coriolis parameter (*). Here, the VA1, VA2 and VI barotropic processes are dominant. This is congruent with the findings of Charney (1963) and Murakami (1972) that, based on scale analyses of Rossbytype equatorial motions, the original (primitive) vorticity equation can be simplified (with sufficient accuracy) to the barotropic vorticity equation. However, it should be noted that the corresponding VD2 and VD3-effects in near-equatorial latitudes are not negligibly small and are the same order of magnitude as the corresponding VC tendency terms.
The computed results in Table 1 (bottom) for the western South Pacific region show that longperiod (12-30 day), 200mb, positive vorticity perturbations are strongest (0.83 units) off the east coast of Australia at 15*S, 162.5*E. In this area, the VD1, VD2 and VD3 divergence effects appear to be as important as the VA1, VA2 and VI horizontal advection effects. Furthermore, these divergence effects make marked contributions throughout the life cycle (from 25*S, 175*E to 7.5*S, 167.5*E) of these long-period, Southern Hemisphere disturbances.
Interestingly, the VF-term for the positive T. Murakami and A. Sumi 659 vorticity cell over the western South Pacific is always negative (anomaly), except for the eastern half of the region around 7.5*S, 167.5*E (+1.0 unit). Similarly, the negative (cyclonic) counterpart of this positive vorticity cell is associated with positive (anomaly) VF-values throughout the region at 200mb. As previously stated, the VFterm represents the remaining factors that are not explicitly included in eq. (2). Therefore, substantial vertical transports due to pronounced convective activity in this region during the Southern Hemisphere summer could contribute significantly to the VF-term. A comparison of Figs. 9 to 11 over the western South Pacific reveals that positive (negative) *i at 200mb is associated with 200mb divergence (convergence) and negative (positive) OLR values. Section 5 will show that these positive (negative) *i-perturbations are related to negative (positive) *i and convergence (divergence) fields at 850mb. Therefore, these features suggest that above (below) normal convective activity occurs over these regions of positive (negative) 200mb vorticity. Consequently, the associated negative (positive) 200mb VF-values may be the result of vertical vorticity transports due to convective motions which carry negative (positive) 850mb vorticity upward. The importance of convection in transporting vorticity vertically has been emphasized by many authors (e.g., Reed and Johnson, 1974; Cho et al., 1979) . To determine the processes that are responsible for the dominance of these long-period vorticity perturbations over the central North Pacific and western South Pacific, both sides of eq. (2) were multiplied by *i and each term of the resulting equation was averaged between categories 1 and 9. Thus, by defining Zi=*i2/2, the following equation is obtained:
Here, the notation [ ] refers to a mean quantity averaged between categories 1 to 9. It should be noted that this mean quantity is approximately equal to the corresponding winter mean value, e.g. [ui*i] is nearly identical to u'*' for 12-30 day perturbations.
In eq. (3), the [u *Zi/**]-term is the largest contributor to [DZi/Dt], with the [*Zi/*t]-term nearly (but not exactly) equal to zero. Therefore, this zonal advection of [Zi] square-vorticity should approximately balance with the sum of the VIseffects (s=1 to 6). Here, VI1 represents the rate of transfer of square-vorticity between the winter mean, absolute vorticity fields and disturbances with periods of 12-30 days. The V12-term denotes the nonlinear interaction between 12-30 day vorticity perturbations and disturbances of all period ranges. VI3 is related to the correlation between 12-30 day vorticity (*i) and divergence (Di) perturbations, with VI4 and VI5 also related to divergence. Finally, the VI6-term was evaluated as a residual. Consequently, 12-30 day vorticity perturbations west (east) of 165*W tend to intensify (weaken) by receiving (losing) square-vorticity from (to) the winter mean field via VI1 barotropic interactions, and from (to) disturbances of all period ranges through VI2 nonlinear interactions. This indicates the importance of VI1 and VI2 barotropic processes in maintaining long-period, 200mb perturbations over the central North Pacific, which is characterized by significant changes in the intensity and location of mid-oceanic, upperlevel troughs during winter. In addition, the VI3 divergence effect also contributes to the maintenance of these long-period vorticity perturbations and is much more dominant than the divergence related VI4 and VI5-terms.
The computed results of the terms in eq. (3), averaged between 10* and 20*S over the western South Pacific at 200mb are plotted in Fig. 13 . Here, the most interesting feature is the close correspondence between [DZi/Dt] and VI1. This suggests that changes in [DZi/Dt] are primarily related to VI1 barotropic interactions with the winter mean field. Furthermore, since [DZi/Dt] is nearly identical to VI1, the VI2 to VI6-effects over the region should cancel each other. In the Fig. 13 As in Fig. 12 (Fig. 9) and 850 ( Fig. 14) mb reveals that a positive (anticyclonic) vorticity cell off the east coast of Australia (15*S, 167*E) at 850mb is capped by a negative (cyclonic) vorticity cell at 200mb. A similar comparison of the category 3 patterns in Figs. 10 and 15 also indicates that there is an inverse relationship between the 850 (divergence) and 200 (convergence) mb D-fields over this area. These vorticity and divergence field distributions suggest that category 3 corresponds to a period of below normal convective activity off the east coast of Australia. Conversely, this area is characterized by cyclonic (anticyclonic) vorticity and convergence (divergence) at 850 (200)mb in category 7, which may be associated with stronger than normal convective activity.
The category 3 pattern in Fig. 14 also exhibits an anticyclonic cell over the East China Sea at around 33*N, 123*E. To the southeast of this anticyclonic cell, northeasterlies (anomaly) flowing from Japan to a region east of the Philippines may correspond to cold, low-level monsoonal surges. Over the South China Sea, these northeasterlies merge with a zone of easterlies which extend from the South China Sea, across the equatorial Bay of Bengal, to the Arabian Sea. At this time, anomalous southerlies prevail over the Saudi Arabia-Pakistan region and penetrate as far north as the southern Soviet Union. In contrast, the category 7 pattern (opposite signs of category 3) is characterized by anomalous northerlies (surges) over the southern Soviet T. Murakami and A. Sumi 661 Fig. 14 As in Fig. 9 , except for 850mb. Wind unit vector is 3ms-1. Although the strongest northerly anomalies (surges) appear to occur over the central North Pacific (>5ms-1) in category 1, the net (winter mean+ anomaly) meridional component of the wind in this area is only about -3ms-1 (northerly). In comparison, pronounced northerly anomalies also are found over the Saudi Arabia-Pakistan (>4 Fig. 15 As in Fig. 10 , except for 850mb. Divergent wind unit vector is 1ms-, with velocity potential (full lines) at 0.5*106m2 s-1 intervals.
ms-1) and Japan-Philippines (>3ms-1) regions in categories 7 and 3, respectively. Here, the corresponding net *-components are approximately -3ms-1 over the Saudi Arabia -Pakistan area , and -6ms-1 near the Japan-Philippines region. Thus, actual northerly surges are strongest in the vicinity of Japan and the Philippines. lies (>5m s-1) prevail to the east of an anticyclonic center at 32*N, 177*E and penetrate equatorward to around 5*N, 165*E. By category 3, the associated east-northeasterly flow merges with a northerly surge from Japan (discussed previously) and strong easterly (or northeasterly) winds occur to the east of the Philippines. It may T. Murakami and A. Sumi 663 also be of interest to note that these low-level surges in the vicinity of Japan and the central North Pacific are associated with pronounced divergent winds from dominant outflow centers at 38*N, 112*E in category 3 and 24*N, 173*W in category 1, respectively (refer to Fig. 15 ).
Of particular interest in Fig. 14 is the occurrence of prominent westerlies along the equator near the dateline in category 3. This is contrasted with equatorial easterlies over the Indian Ocean. However, since the equatorial westerlies over the central Pacific are much more pronounced than the corresponding easterlies over the Indian Ocean, zonal mean <u> at the equator is 0.5m s-1 westerly in category 3. In addition, the distribution of zonal mean <**> (see Fig. 15 ) reveals that there is significant zonal mean convergence (on the order of 3*10-7 s-1) along the equator at this time, with the largest contribution from the central Pacific region near the dateline. Conversely, substantial zonal mean divergence and easterly (-0.5m s-1) zonal mean <u> occur along the equator in category 7. Here arises a question. Why do the equatorial zonal winds fluctuate substantially during winter? This problem will be elaborated on later.
In an effort to identify the mechanisms that are responsible for the strong northerly surges over the central North Pacific (170*W) at 850mb, the v-equation was applied to the data for category i as follows: strong northerlies (exceeding 2m s-1) behind the trough. Thus, between categories 8 and 1, pronounced (local) northerly acceleration occurs in this area. In Fig. 16 , the computed results for each term in eq. (4) were averaged between categories 8 and 1. For example, the MC-term was evaluated as (*1-*8)/*t, where *t corresponds to a one category difference. Therefore, the MC tendency in Fig. 16 (top) reflects the strong northerly (negative) acceleration of the local 850mb *-component discussed above. An inspection of Fig. 16 reveals that this negative MC tendency is not a result of the MA1 horizontal advection effect, which is positive (due to the prevailing winter mean easterlies at 850mb) around the trough line. Similarly, the MA2 advection effect is not significant as it is near zero. Conversely, the MI-term, which represents the rate of *-momentum transfer to 12-30 day perturbations via nonlinear coupling between transient disturbances of all period ranges, is negative and substantial. These MIvalues are related to strong transient eddy activity, with a large positive *(*'2)i/*y gradient, poleward of about 30*N (refer to Fig. 4 of Sumi and Murakami, 1981) . The MD-term is also negative in the vicinity of the trough line, due to the (4) Here, an overbar ( ) denotes the winter mean, and ( )' the departure from it; u* (u*-ug) represents the non-geostrophic zonal wind related to the velocity potential (streamfunction).
Figure 16 (top) shows the distribution of *-components of the 850mb winds along 25*N over the central North Pacific (175*E to 145*W) at categories 8 and 1, respectively. A trough located at around 165*W in category 8 moves eastward to about 158*W by category 1, with associated westerly divergent winds which flow from the outflow center behind the trough to the inflow center ahead of it (see Fig. 15 ). In fact, the MD-values near the trough (*-3 units) exceed the corresponding MC-terms (*-1 unit). Furthermore, the sum of the MI (negative), MD (negative) and MA1 (positive) terms is also larger than the resulting MC-values in this area. Therefore, the difference between these terms should be compensated for by MF (not shown).
As previously defined, the MF-term is the result of the effects not specifically included in the other terms of eq. (4). Here, the first term on the right side of the MF-equation is related to the nongeostrophic (u*-ug) winds and may be the leading term of MF. Unfortunately, this term could not be evaluated exactly, due to a lack of geopotential height data in this study. However, near the trough line, this term is probably positive and fairly large, as the nongeostrophic (u*-ug) winds are presumed to be negative in association with the cyclonic curvature of the flow field. Consequently, the large negative MC tendency associated with low-level northerly surges over the central North Pacific is primarily a result of negative MD and MI effects, which are modified by positive MA1 and MF-terms. In comparison, transient eddy activity over the Saudi Arabia-Pakistan (*50*E) and JapanPhilippines (*140*E) regions is not as pronounced as that of the central North Pacific (refer to Fig. 4 of Sumi and Murakami, 1981) . Therefore, the MI contribution to the MC tendency in these regions is probably small. Conversely, the MD effect may be quite large due to the orographic enhancement of the divergent u* winds by the Tibetan Plateau.
The computed results for each term in eq. (4) over the Saudi Arabia-Pakistan and Japan-Philippines regions are summarized in Figs. 17 and 18 , respectively. Here, each term of eq. (4) was averaged between categories 4 and 5 (1 and 2) in the Saudi Arabia-Pakistan (Japan-Philippines) area. A comparison of these results confirms that the MD-effect over the Saudi Arabia-Pakistan region (<-4.5 units) is much more pronounced than the corresponding value over the JapanPhilippines area (-1.7 units). It should also be noted that the MA1, MA2 and MI effects do not seem to contribute significantly to the negative MC tendencies over both of these regions.5
The orographic enhancement is illustrated in the schematic diagrams of Fig. 19 . When a trough approaches the western end of the Tibetan Plateau, low-level southwesterlies flow up the extremely steep topographic gradient, which induces strong low-level convergence. Here, the magnitude of this orographically enhanced con-5 As an additional verification of the compositing technique used in this study, eq.(4) was applied to the twice-daily, 12-30 day filtered wind data with reference to the passage of individual 850 mb troughs across three grid points, i.e., (25*N, 162.5*W), (30*N, 50*E), and (20*N, 142.5*E). These grid points roughly correspond to the trough positions in Figs. 16, 17, and 18, respectively. Here, the terms in eq.(4) were computed for each trough passage at an individual grid point during the 1978-79 winter. The resulting values were then averaged for each of the three grid points and compared to the corresponding terms in Figs. 16, 17, and 18, respectively. For example, the following values were obtained for the grid point at 30*N, 50*E (the corresponding values from 
trough.
A similar argument also applies to the northerly surges in the lee of the Tibetan Plateau. As described by Murakami (1981a) , the planetary boundary layer effect extends approximately 1000 km downstream from the Tibetan Plateau (see Fig. 19, top) . Thus, when a trough reaches the east coast of the Asiatic continent, low-level northwesterlies behind the trough flow down the slope of the (smoothed) planetary boundary layer and enhance the low-level divergence over China. This induces stronger than normal, divergent u* westerlies near the trough. However, since these u* westerlies are less pronounced than those to the west of the Tibetan Plateau, the resulting ** /*t acceleration off the east coast of China may not be as strong as that over the Saudi Arabia-Pakistan region (MD terms in Figs. 17 and 18) .
As previously stated, the 850mb wind field at category 3 (see Fig. 14) is characterized by westerlies (easterlies) over the equatorial central Pacific (Indian)
Ocean. Furthermore, these equatorial westerlies (easterlies) are associated with anomalous convergence (divergence) at 850mb (Fig. 15) and low (high) OLR anomalies (Fig. 11) . Consequently, zonal winds, divergence fields and convective activity over these equatorial regions experience marked intraseasonal (12-30 day period) changes. This is summarized in the longitudinal profiles of these category 3 fields, which are shown in Fig. 20 . Here, note that the vergence is much larger than the divergence behind the trough (orography-free area). Thus, strong westerly u* winds are induced near the trough (flowing between the associated divergent and convergent centers) and contribute to enhance the negative d **/*t tendency. This enhanced **/*t tendency is more pronounced than the corresponding tendency due to simple eastward advection. [In the case of simple (no orographic influence) eastward advection, *i+*i(*)=*i(*-** ).] Consequently, *i+*i(*) northerlies at * (trough line in category i) become much more pronounced than *i(*-**)
northerlies behind the At the equator (*=0), the u-equation for category i can be written as (5.) Table 2 displays the computed results of the terms in eq. (5), averaged between categories i and i+1, at 850mb for the Pacific (150*E to 150*W) and Indian (60*E to 120*E) Ocean areas, respectively.6 Over the Pacific, the ZA1, ZA2 and ZI terms do not appear to be in-phase with the ZC tendency, i.e., these terms are not the major contributors to changes in the equatorial ui zonal winds. In contrast, ZA2 over the Indian Ocean is well correlated with ZC in this area. However, the mechanisms that are responsible for this local advection effect are not known.
Interestingly, the ZF-term is generally fairly well correlated with the ZC tendency over both of these regions. As defined in eq. (5), this term is the result of five effects. Unfortunately, ZF was only estimated as a residual of eq. (5), due to the poor vertical resolution (only 200 and 850mb) of the wind data used in this study and the lack of geopotential height information. However, it is highly probable that the **i/**-forcing term is the largest contributor to changes in ZC, since even a weak pressure gradient of 1 mb per 60* of longitude corresponds to a value of 15 units (10-sm s-2).
Therefore, when northerly surges from Japan and the central North 6 The terms in eq . (5) were also computed for each individual case of large negative ZC tendency in the twice-daily, 12-30 day filtered u data over the equatorial Pacific. These results were then averaged and compared to the corresponding category 4-5 values in Table 2 . This comparison revealed that there was good agreement between these two sets of values, Pacific (Fig. 14) reach the equatorial BorneoNew Guinea region, the associated increase in pressure over this area may effectively induce westerly (easterly) acceleration over the equatorial central Pacific (Indian) Ocean. This possibility should be examined in future studies.
The second (third) term on the right side of the ZF-equation denotes the vertical advection of transient ui winds (winter mean u winds) due to winter mean (transient) vertical motions. In contrast to the **i/**-term described above, these two effects are probably small and only minor contributors to the ZC tendency. Conversely, the *(u'*')i/*p derivative due to transient eddies (including convection) may make a significant contribution to changes in the zonal winds along the equator. Thus, this point should also be further investigated.
Concluding remarks
In this study, 2.5* latitude-longitude resolution wind data at 850 and 200mb were obtained from objective analyses of FGGE/WMONEX Level IIa and IIb data over the greater WMONEX region (45*N to 30*S, 40*E to 100*W) for the 1978-79 winter (1 December 1978 to 28 February 1979 . Here, it has been demonstrated that these wind data are adequate to describe some of the characteristic features of large-scale, long-period (*20 days) disturbances during winter. More specifically, long-T. Murakami and A. Sumi 667 period disturbances at 850mb appear to be coherent over a fairly extensive region. For example, anomalous northerlies (surges) from Japan to the area east of the Philippines occur concurrently with easterlies over the equatorial South China Sea-Bay of Bengal-Arabian Sea region and strong southerlies (anomaly) over the Saudi Arabia-Pakistan-Southern Soviet Union area. Furthermore, the equatorial central Pacific between 160*E and 150*W is characterized by anomalous westerly zonal winds and low-level convergence at this time. Similarly, at 200mb, negative vorticity cells [anticyclonic (cyclonic) in the Northern (Southern) Hemisphere] tend to occur near the Pakistan coast, over the central North Pacific at around 25*N, 170*W and off the east coast of Australia when an eastward propagating trough intensifies over northern Indochina. Thus, these features strongly suggest that some form of atmospheric teleconnection exists throughout the region.
Unfortunately, the lack of temperature and geopotential height data, as well as the poor vertical resolution (only 850 and 200mb) of the wind data, are serious weaknesses in this study. Consequently, a detailed investigation of the three-dimensional, dynamic and thermal structures of these large-scale, long-period (*20 days) disturbances was not possible. Thus, many questions pertaining to the exact mechanisms that are responsible for the development, phase propagation and dissipation of these disturbances remain unanswered. Hopefully, these problems will be resolved when the validated FGGE Level IIIb data set becomes available.
The presence of well-defined spectral peaks in the period range of 3.5-5.0 days in Fig. 2 indicates that disturbances over the greater WMONEX region are also associated with these shorter periods. In this regard, synoptic meteorologists have noted that low-level disturbances are fairly common in the vicinity of the Southern Hemisphere near-equatorial trough. These disturbances generally develop over and around the Arafura-Indonesian Seas region, and propagate westward, with heavy rainfall occurring along the equatorial side of their tracks. In addition, many of these disturbances intensify into tropical storms as they move over the Indian Ocean.
Limited research on disturbances over the Arafura Sea-northern Australia area indicates that there is some similarity to the monsoon depressions that develop in the vicinity of India during the Northern Hemisphere summer. Unfortunately, detailed information about the development mechanisms and three-dimensional structures of Southern Hemisphere summer monsoon disturbances is not available. Furthermore, the relationship between disturbance activity and changes ("wet" and "dry" spells) in the Southern Hemisphere monsoon circulation should also be described. Therefore, the authors of this study intend to investigate these important problems by utilizing the FGGE Level IIIb data from the European Center for Medium Range Forecasts.
the resulting composite fields [refer to eq. (12) of Murakami, 1981b] making them superior to correlation fields. This compositing technique is only one of many methods which can be used to describe the average conditions for 12-30 day fluctuations in one winter. However, as previously stated, compositing of meteorological variables with respect to one quantity may be the most advantageous method.
Unfortunately, the composites of long-period fluctuations used in this study are based on only 4 cycles of c1 for 12-30 day vorticity fluctuations (see Fig. 8 , top) in a single winter (90 days). Therefore, the statistical significance of these composited results is very low. Consequently, this compositing of meteorological variables for 4 cycles of data may represent only the mean conditions that characterized 12-30 day perturbations during the 1978-79 winter. Due to the small data sample size, the selection of a reliable and representative reference for these composites is very important. Thus, a series of tests were made to examine the appropriateness of the 200mb * c1n reference selection, and to evaluate the reliability of compositing over only 4 cycles of data.
To determine the sensitivity of the composite to reference selection, composite fields were computed with respect to different references and compared to those obtained from the c1 coefficients for 200mb *. Fig. 8 , middle) and 850mb meridional winds (see Fig. 8, bottom) [Note that these category differences are congruent with the phase relationships between the c1n cycles in Fig. 8, where *(u'-ui) and *(*'-*i) are the standard deviations of transient u' and *' data with respect to the category mean ui and *i values. Here, note that u'(*') averaged for the 4 composite cycles is identical to ui(*j).
The magnitudes of these standardized wind vectors were then averaged between categories 1 and 9 such that: Table A-2. As in Table A 1 unit indicating more reliable composite values. Interestingly, zonally averaged <R> is greater than 1 unit for all latitudes at both levels, and exceeds 1.5 units between 20*N and 35*N (0* and 15*N) at 200 (850)mb. Thus, the composites in this study appear to be representative of the characteristic features of 12-30 day fluctuations in this particular winter period . However, it should be noted that many years (cycles) of data are required to obtain more statistically significant information. Additional verification of the reliability of these composites is presented in Section 5. Here, 850mb momentum and vorticity changes based on composited data are compared to the corresponding values computed directly from the original 12-30 day filtered data.
In conclusion, it is evident from these test results that the composites used in this study are adequate to describe the large-scale aspects of 12-30 day fluctuations over our extensive region for this particular winter .
